Lines of Chiamydomonas were selected for growth either in Light or in Dark conditions for several hundred generations. Evolved lines that grew well in the environment of selection grew less well in the other environment, so that negative genetic correlation between Light and Dark growth was created by selection. The existence of a cost of adaptation was confirmed by reverse selection. The lines were also exposed to environments that varied either in space or in time with respect to Light and Dark conditions. Specialization (genetic variation) was retained in spatially variable environments, whereas generalization (phenotypic plasticity) evolved in temporally varying environments. The original negative correlation between adaptation to Light and Dark conditions seemed to be caused primarily by mutation accumulation rather than by antagonistic pleiotropy. It was thereby possible to select a generalist type nearly as well adapted in each environment as a specialist line.
Introduction
All environments vary to some degree in space and time; populations may respond by evolving a diverse array of specialists, or a single, highly plastic generalist. It is widely thought that adaptation to a specific environment is coupled to deterioration in certain other environments (see reviews by Futuyma & Moreno, 1988; Sultan, 1992) . This is conveniently expressed by treating performance in different environments as different traits (Falconer, 1952 (Falconer, , 1981 that are negatively correlated among genotypes. This constitutes a 'cost of adaptation' that restricts the range of adaptation and underlies the Previous laboratory studies of the unicellular chlorophyte Chiamydomonas have shown that in arbitrary (unselected) populations the genetic correlation between environments differing in nutrient concentration is typically low, and falls towards zero as the difference between environments increases (Bell, 1991 (Bell, , 1992 . When populations were cultured in heterogeneous environments, comprising a range of media differing quantitatively in macronutrient concentration, genetic variance of fitness was maintained, or at least eliminated more slowly than in a uniform environment (Bell, 1997) . Moreover, clonal populations cultured in a heterogeneous environment that comprised two qualitatively different growth conditions, autotrophic growth in the light and heterotrophic growth in the dark, evolved substantial genetic diversity within a few hundred generations (Bell & Reboud, 1997 ).
These experiments demonstrate that a cost of adaptation will contribute to the evolution of specialization and the maintenance of diversity. However, they do not address the issue of how a cost of adaptation arises.
Antagonistic p/eiotropy and mutation accumulation
Genes which improve adaptation in both of two different environments are likely to become fixed more or less rapidly, whereas genes which reduce adaptation in both environments will be eliminated. Genes which improve adaptation in one environment while reducing adaptation in the other will be fixed or eliminated more slowly, and may even Coexist indefinitely (see Levene, 1953; Via & Lande, 1985 , 1987 Gillespie & Turelli, 1989) . Such genes will, therefore, represent the bulk of genotypic variation observed in populations inhabiting a heterogeneous environment. The basis of the opposed fitness effects that they cause is a 'trade-off' arising from the allocation of finite resources to competing activities. Such trade-offs are often invoked to explain variation in characters such as gender allocation (reviewed by Charnov, 1982) and age-specific reproduction (reviewed by Reznick, 1985; Bell & Koufopanou, 1986; Rose, 1991) . The cost of adaptation is then one aspect of a general theory of antagonistic pleiotropy that interprets phenotypic evolution as leading to optimal states representing a compromise between opposed selection tendencies.
An alternative point of view is that the maintenance of any complex character requires the continual operation of natural selection. New variation will be created by mutation in every generation, but most of these mutations will be deleterious because any arbitrary change in a complex, welladapted character is likely to erode function (Fisher, 1930) . Adaptation can therefore be maintained only if dysfunctional variants are continually removed by selection at the same rate at which they arise. Longcontinued exposure to one environment will reduce adaptation in certain other environments simply because adaptation in those other environments will decay through mutation for as long as it is not actively maintained by selection. The cost of adaptation then arises through the accumulation of mutations which are nearly neutral in the current environment of selection, but which are deleterious when expressed in certain other environments.
Spatialand temporal variation
If the environment varies in space, then both (or all) environments are simultaneously available. A lineage which is currently proliferating successfully in a given environment will be redistributed at intervals among different environments, but will also be reintroduced to the environment to which it is welladapted. Specialization can be maintained through antagonistic pleiotropy, because any given environment provides a refuge for types which thrive in it. In a clonal population, these specialized types will tend to accumulate mutations which are nearly neutral when expressed in the environment to which the type is adapted, although they are deleterious in other environments. (This would not be true in a sexual population, where genes that are deleterious in a given environment would be exposed to selection through being recombined with genes that are favoured in that environment.) The evolution of specialization in a spatially heterogeneous environment would thus be caused at first by antagonistic pleiotropy and later by mutation accumulation.
If the environment varies in time, then every lineage is compelled to grow first in one environment and then in another. It is very difficult to maintain specialized types through antagonistic pleiotropy in these circumstances, because one type or the other will have the greatest geometric mean rate of increase (Gillespie, 1977; Gavrilets & Scbeiner, 1993) , and will therefore replace all its competitors. (This is not necessarily true in sexual diploids, where the type with the greatest geometric rate of increase in fitness may be a heterozygote; see Haldane & Jayakar, 1963 .) Mutation accumulation will be minimal, because mutations which are nearly neutral in one generation are likely to be deleterious in the altered conditions of growth experienced by the next generation. Environments which vary in time are therefore likely to favour plastic, generalist types. Now, suppose that a variable environment is inoculated with a mixture of populations which have each become adapted to particular conditions of growth through long-continued selection, and express a cost of adaptation in terms of reduced growth in other conditions. If the new environment varies in space, the evolved specializations may be maintained provided that selection is sufficiently intense, and any cost of adaptation arising from antagonistic pleiotropy will continue to be expressed. The cost attributable to mutation accumulation will decline somewhat: although fitness is not affected by these mutations in the environment in which a given type has been selected, in any other environment individuals of that type with fewer mutations will increase in frequency relative to those with more mutations. However, this will be a weak effect if the production of any given type is dominated by the environment in which it was selected. If the new
The Genetical Society of Great Britain, Herediiy, 78, 507-514. environment varies in time, then selection will favour generalist types which eventually replace the specialists. If specialization were based on antagonistic pleiotropy, then the generalists will be inferior in any environment to the original specialist. On the other hand, if a cost of adaptation were solely the outcome of mutation accumulation, then the generalist will evolve through the elimination of these mutations, and the generalist will be as fit in each environment as the original specialist.
We report here an experiment designed to test these ideas by selecting differently specialized populations in environments that vary in space or time.
One of the most important features of our experiment is that the selection lines were originally founded by a single spore and were afterwards propagated vegetatively, so that all the variance and covariance they displayed arose through novel mutations during the course of the experiment. Our results do not depend therefore on the nature of the genetic variances and covariances pre-existing in the base population.
Materials and methods

Concept of the experiment
We used lines of Chiamydomonas reinhardtii that had been maintained asexually on minimal medium in the Light or on acetate-supplemented medium in the Dark, as a continuation of the experiment reported by Bell & Reboud (1997) . These base lines were transferred to each of four experimental treatments.
Dark line of each pair. The Light line was propagated by inoculating a 1 L flask containing 300 mL of Bold's minimal medium with 0.1 mL of the culture from the previous cycle, then allowing the population to grow for 3-4 days under continuous fluorescent illumination while being bubbled with sterile air. The initial inoculum comprised about 6 x i04 cells, and the final population about 2 x 108 cells. The Dark line was propagated in exactly the same way, except that the medium was supplemented with 1.2 g L sodium acetate, the flasks were wrapped with aluminium foil to exclude light, and the growth period was 7 days. Further details of how the base populations evolved from the founders are given by Bell & Reboud (1997) . Routine laboratory procedures are described by Harris (1989) .
Selection procedure
The straightforward serial transfer used in the Light-Dark experiment was modified to create continued, reverse, temporal and spatial modes of selection, each new line being set up in duplicate. There were thus 2 base populations x 4 selection modes x 2 replicates = 16 selection lines. They were maintained for 2 months, during which the This procedure gives complete growth-curves, from which the logistic parameters r and K can be estimated. We also analysed P10, the observed turbidity after 10 days, as a simple, robust and model-free measure of growth. All three measures gave similar results; for simplicity, we report only P0 in this paper. The selection and assay conditions are different (flasks and culture tubes), but growth in the two environments is positively correlated (Bell & Reboud, 1997) .
Resufts Response to selection
The means and standard deviations of growth parameters are given in Table 1 , and an overall analysis of variance in Table 2 . Block effects are small and nonsignificant at P = 0.05, but the variance among spores is substantial. The overall model is highly significant; the lines became strongly differentiated according to the nature and extent of environmental variation, the outcome depending on the original population (Light or Dark) from which they were drawn. The effect of each treatment is shown in 
Discussion
Response to selection
The continued lines show that selection applied for about a thousand generations had been sufficient to bring the base populations close to evolutionary equilibrium, in the sense that little adaptive change occurred at the scale of the hundred or so generations occupied by the experiment. There is, nevertheless, the potential for rapid evolutionary change in these large asexual populations on this time 
Cost of adaptation
We have previously demonstrated a cost of adaptation in the base populations by comparing the selection lines with their founders: improvement in the environment of selection was associated with regress in the other environment (Bell & Reboud, 1997) .
This result was confirmed in the present experiment by the behaviour of the reverse lines, which tended to lose part of the adaptation they had previously evolved. The indirect response to selection in a novel environment was thus generally antagonistic.
Maintenance of diversity
In our previous experiment, lines founded by a single spore evolved relatively high levels of genetic variance when maintained under spatial heterogeneity for several hundred generations. These spatial lines were inferior to sister lines that had been maintained exclusively in one of the two environments, when tested in that environment, but were generally superior in the other environment. Here, we describe the converse procedure of first
The Genetical Society of Great Britain, Heredity, 78, 507-514. Antagonistic pleiotropy and mutation accumulation The evolution of superior generalists in the temporal lines may seem unexpected, because it appears to contradict the cost of adaptation expressed by the other lines in the experiment. However, the evolution of generalization in environments that vary through time depends on the cause of the cost of adaptation.
The reverse lines express a cost of adaptation that may be caused by antagonistic pleiotropy, because it arises within the time-span of the experiment. The reverse lines extracted from the Light base population and subsequently selected in the Dark still contained many spores that were scarcely able to grow in the Dark. They also contained a substantial minority of spores that grew well in the Dark but grew somewhat less well in the Light. This regress was much less, however, than the regress observed in the base and continued Dark lines. Over the course of the experiment therefore only a fraction of the eventual cost of adaptation was expressed. A similar pattern was found in the Dark base lines transferred to the Light, although in this case regress in the original environment was even less pronounced. We conclude that antagonistic pleiotropy made a detectable but minor contribution to the cost of adaptation.
The evolution of superior generalists in the temporal lines is very difficult to understand, if antagonistic pleiotropy were the main cause of the cost of adaptation. However, it is consistent with the theory of mutation accumulation, given that the experiment was too brief to permit a substantial load of conditionally deleterious mutations to accumulate. It is also consistent with the rather slight regress observed in the reverse lines. We conclude that mutation accumulation makes the major contribution to the cost of adaptation in Light and Dark environments.
The effect of long-continued selection It seems likely that the average difference between the effects of a mutation in two environments will vary directly with the ecological difference between them. Most mutations that are neutral in a given environment will be nearly neutral in a similar environment, whereas many will be markedly deleterious in a very different environment. In other words, the probability that a mutation, neutral in one environment, will be markedly deleterious in another will increase with the ecological difference between them. Nevertheless, mutations may occasionally arise that have deleterious effects even in a very similar environment, and these will accumulate very slowly. If this argument is correct, then even very similar environments will generate a cost of adaptation, after a sufficiently long period of time. The evolution of specialization then depends, not only on the difference between environments, but also on the length of time over which lines are selected in these environments.
